Reduction of the stiffness properties of cross-ply [0 m /90 n ] s laminates due to delaminations, growing at the 0/90 interface from the tips of transverse cracks in the 90 o plies and splits in the 0 o plies, is analysed by means of a theoretical approach based on the Equivalent Constraint Model (ECM). Reduced stiffness properties of the damaged lamina are derived as explicit functions of the crack density and relative delamination area associated with that lamina and implicit functions of the two damage parameters associated with the neighbouring laminae. Transverse crack tip delaminations are found to cause significant reduction in the laminate shear modulus and Poissons ratio. Contribution of each damage mode (transverse cracking, transverse crack tip delaminations, splitting and split tip delaminations) into stiffness loss is established.
1.INTRODUCTION
Delaminations originating from the tips of transverse cracks in graphite/epoxy and glass/epoxy laminates are known to affect the laminate stiffness [1] [2] [3] [4] [5] . The laminate axial modulus decreases linearly as delamination area grows [1, 2] . The extension stiffness of the damaged 90 o ply strongly depends upon the orientation of the adjacent ply group, while the influence of the remote constraining layers is negligible [5] .
When a laminate is subjected to biaxial tensile or thermal loading, matrix cracking may occur in several layers and local delaminations can then initiate and grow at the interfaces along several sets of matrix cracks. Transverse cracking, splitting and delamination at the 0/90 interface in CFRP cross-ply laminates under uniaxial tensile loading was observed in [6] using various nondestructive evaluation techniques in a real time environment. Under biaxial thermal loading, damage in CFRP cross-ply laminates consisted of matrix cracking in both 0 [7] . Finite element analysis of two sets of delaminations induced by matrix cracking in angle-ply GFRP laminates was carried out in [8] , where, in particular, additional reduction of stiffness due to local delaminations was established. Numerical modelling was performed over a representative volume element in the form of a parallelepiped bounded by neighbouring matrix cracks. As evidenced by the studies of cross-ply laminates damaged by transverse cracking and splitting [9, 10] , consideration of such laminate element analytically is very cumbersome even in absence of delaminations. Hence, theoretical modelling requires a different approach to the problem.
In the present paper, stiffness properties of a cross-ply [0 m /90 n ] s laminates due to delaminations, growing at the 0/90 interface from the tips of transverse cracks in the 90 o plies and splits in the 0 o plies, are predicted theoretically using the Equivalent Constraint Model (ECM) introduced in [11] . [12] , the following closed-form expressions were derived for the IDEFs.
2.THEORETICAL MODELLING
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3.NUMERICAL RESULTS
As an example, a T300/5208 system is examined here. Its properties were taken from [15] and are as follows: 
. Therefore, the IDEFs for both layers depend on each other. They form a system of simultaneous nonlinear al-gebraic equations . Verification of the ECM/2-D shear lag approach in absence of delaminations induced by transverse cracking and splitting was carried out in [13, 14] . splitting density. 
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Contribution of transverse crack tip delaminations into the total reduction of the shear modulus can be as big as 20% and sometimes exceed that of transverse cracking. For instance, transverse cracks, spaced at 32t, together with delaminations having the length of 8 ply thicknesses reduce the shear modulus value by 39%, of which 17% are due to transverse cracking and 22% are due to delaminations. . It may be seen that reduction of the laminate axial modulus has occurred mainly due to transverse cracking and transverse crack tip delaminations, with splitting and split tip delaminations having almost negligible effect. Transverse crack tip delaminations play a major role on the shear modulus reduction, though contribution of transverse cracking, splitting and split tip delaminations is also significant. Poisson's ratio is reduced equally by transverse cracking, splitting and transverse crack tip delaminations. 4.CONCLUSIONS Until now, stiffness reduction of composite laminates due to delaminations has not been thoroughly investigated. Few theoretical studies [3, 4, 5] were concerned with reduction of the laminate axial stiffness caused by delaminations induced by transverse cracking in cross-ply and general symmetric laminates with central 90 o ply.
When a cross-ply laminate is subjected to biaxial tensile or thermal loading, damage occurs in the form of transverse cracking, splitting and stripshaped delaminations at the 0/90 interface growing from the tips of transverse cracks and splits [6, 7] . To predict stiffness loss due to these types of delaminations, a new theoretical approach has been developed, which takes into account interaction between all four damage modes. To avoid cumbersome consideration of the laminate element defined by intersecting pairs of transverse cracks and splits, the new ECM/2-D shear lag approach employs the Equivalent Constraint Model (ECM) of the damaged lamina. Verification of the new approach in absence of delaminations was made in [13, 14] .
Numerical results revealed that transverse crack tip delaminations cause significant reduction of the laminate shear modulus. Contribution of transverse crack tip delaminations into the total reduction of the shear modulus can exceed that of transverse cracking.
